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Edited by Ulf-Ingo Flu¨ggeAbstract The Arabidopsis Ca2+/H+ antiporters cation exchan-
ger (CAX) 1 and 2 utilise an electrochemical gradient to trans-
port Ca2+ into the vacuole to help mediate Ca2+ homeostasis.
Previous whole plant studies indicate that activity of Ca2+/H+
antiporters is regulated by pH. However, the pH regulation of
individual Ca2+/H+ antiporters has not been examined. To
determine whether CAX1 and CAX2 activity is aﬀected by
pH, Ca2+/H+ antiport activity was measured in vacuolar mem-
brane vesicles isolated from yeast heterologously expressing
either transporter. Ca2+ transport by CAX1 and CAX2 was reg-
ulated by cytosolic pH and each transporter had a distinct cyto-
solic pH proﬁle. Screening of CAX1/CAX2 chimeras identiﬁed
an amino acid domain within CAX2 that altered the pH-depen-
dent Ca2+ transport proﬁle so that it was almost identical to
the pH proﬁle of CAX1. Results from mutagenesis of a speciﬁc
His residue within this domain suggests a role for this residue in
pH regulation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Signal transduction requires the control of cytosolic Ca2+.
Endomembrane Ca2+ transporters, such as vacuolar Ca2+/H+
antiporters, are believed to help specify the duration and
amplitude of cytosolic Ca2+ ﬂuctuations [1]. Changes in cyto-
solic Ca2+ levels, either directly or indirectly, are translated
into biological responses that govern many aspects of plant
growth and development [1]. There is evidence that alterations
in pH also mediate some plant responses, such as the gravi-
tropic root growth response [2], root hair tip growth [3], algal
rhizoid tip growth [4], and pollen tube growth [5,6]. Thus,
while it is well established that cytosolic Ca2+ gradients regu-Abbreviations: CAX, cation exchanger; FCCP, carbonyl cyanide p-
triﬂuoromethoxy-phenylhydrazone; TMD, transmembrane domain;
V-ATPase, vacuolar H+-ATPase
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ways also require the control of cytosolic pH [3,5]. However,
the potential interactions between cytosolic Ca2+ and pH have
not been studied in detail, particularly the molecular mecha-
nisms behind the interactions.
In plants, H+ pumps are often considered the focal point of
many transporters, for without the H+ electrochemical driving
force, the majority of secondary active transporters would
cease to function [7,8]. Vacuolar Ca2+/H+ antiporters are cru-
cial as they utilise the H+ gradient to help mediate cytosolic
Ca2+ homeostasis [8,9]. Cation exchanger (CAX) genes, which
encode Ca2+/H+ antiporters, are found in various plant, bacte-
rial and fungal species [10–12]. Some of the plant vacuolar
Ca2+/H+ antiporter genes have been identiﬁed and character-
ised [9,13]. Arabidopsis thaliana has a family of multiple
CAX genes [14], which includes CAX1, encoding a low aﬃnity,
high capacity vacuolar Ca2+/H+ antiporter [10], and CAX2,
which encodes a lower capacity vacuolar Ca2+/H+ antiporter
that also transports other cations including Mn2+ and Cd2+
[10,15]. While the characteristics of Ca2+ transport have been
studied for these Ca2+/H+ antiporters, apart from the determi-
nation of the stoichiometric ratio for H+ and Ca2+ transport
(H+:Ca2+ stoichiometry of at least 3) [16], the characteristics
of H+ transport remain to be determined.
Like Ca2+, pH changes can occur following a stimulus per-
ception; for example, the plant hormones IAA and ABA,
can aﬀect cytosolic pH levels [17,18]. Furthermore, the activi-
ties of transporters such as K+ channels and aquaporins can
be altered by pH [19–21], indicating that like Ca2+, pH may
be thought of as a signal transducer. Unlike Ca2+, because
of the high mobility of H+, any changes in pH will be quickly
felt across the whole cytoplasm, creating a fast-acting pH gra-
dient, which can aﬀect transporters at other cellular locations
[22]. Any changes in cytosolic pH will be short-lived due to
the action of cellular pH regulatory mechanisms, which in-
cludes plasma membrane and endomembrane H+ pumps, in
maintaining a set cytosolic pH [7,22]. H+-coupled transporters
such as Ca2+/H+ antiporters and Na+/H+ antiporters may also
be involved in regulating cytosolic pH. Na+/H+ antiporters
have been demonstrated to play a key part in the regulation
of cytosolic pH in a variety of prokaryotes and animal cells
[23], while a Saccharomyces cerevisiae endosomal Na+(K+)/
H+ antiporter regulates both cytosolic and vacuolar pH [24],
and an Arabidopsis putative Na+(K+)/H+ antiporter localised
at the chloroplast envelope appears to have a role in regulatingblished by Elsevier B.V. All rights reserved.
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and H+ co-transporters are also thought of as regulators of
apoplastic and vacuolar pH. Vacuolar pH plays a role in ﬂow-
er colouration and cation/H+ antiporters are involved in this
vacuolar pH regulation. Mutation of a vacuolar Na+/H+ anti-
porter InNHX1 from the Japanese morning glory (Ipomoea nil)
caused a decrease in vacuolar pH, which induced a change in
the colour of the morning glory ﬂowers [26]. Because of their
direct H+-dependence, Ca2+/H+ antiporters are obvious candi-
dates for pH regulation. CAX1 gene expression, and probably
direct transport activity, is regulated by exogenous Ca2+ [9].
Ca2+/H+ antiporters may also alter their transport properties
in response to ﬂuctuations in cytosolic pH levels. However, lit-
tle is known about the eﬀect of pH changes on plant Ca2+/H+
antiporters.
Analysis of biochemical activity in crude membrane prep-
arations from plant tissue suggests that Ca2+/H+ antiporters
have speciﬁc pH requirements [27,28]. For example, tono-
plast Ca2+/H+ antiport activity from oat root had optimal
activity at pH 6–7 and at pH 8 [27], while the apparent
Km for external Ca
2+ of tonoplast Ca2+/H+ antiport activity
from red beet was greatly aﬀected by internal (vacuolar lu-
men) pH in the range pH 6–6.5 [28]. However, these studies
were performed with plant endomembrane material that may
contain a heterologous population of Ca2+/H+ antiporters
and no work has been initiated to determine how individual
plant cation/H+ antiporters mediate transport in response to
pH. The Escherichia coli Na+/H+ antiporter NhaA is essen-
tial for Na+ and H+ homeostasis and its activity is extremely
dependent on pH [29]. Studies on NhaA have determined
particular amino acids that are involved in pH sensing and
regulation, including His-225 [30,31]. Previously, structure–
function analyses have been performed on Arabidopsis and
rice CAX transporters to identify molecular determinants
of Ca2+ and Mn2+ transport [32–34]. Similar approaches
may be used to determine pH responsive and regulatory
determinants of the CAX transporters provided a suitable
pH assay is available. In this study we provide evidence that
the Arabidopsis vacuolar Ca2+/H+ antiporters CAX1 and
CAX2 are diﬀerentially regulated by pH. Using a yeast-
based screen, we have identiﬁed a putative pH-sensing
domain within CAX2 that determines some of the pH
requirements for Ca2+ transport by this antiporter. We also
suggest that a speciﬁc His residue within this domain may
play a role in this regulation. This study therefore provides
evidence that vacuolar Ca2+/H+ antiporters are components
responsible for transducing changes in cytosolic Ca2+ by
alteration in cytosolic pH.2. Materials and methods
2.1. Yeast strains, transformation and growth conditions
Saccharomyces cerevisiae strain K667 (cnb1::LEU2 pmc1::TRP1
vcx1D) [11] was used to express wild-type and mutant genes. Yeast
transformation and growth was performed as described previously
[10,32]. The assay for Ca2+ or Mn2+ tolerance on solid agar media
was performed as previously described [33].2.2. DNA manipulations and site-directed mutagenesis
The CAX1 and CAX2 clones used in this study were identical to the
N-terminal truncated clones originally identiﬁed [10]; thus the proteins
encoded by CAX1 and CAX2 lacked the ﬁrst 36 and 42 amino acids,respectively, which encode a regulatory region [13]. Site-directed muta-
genesis was performed by a Class IIS restriction enzyme-mediated
method [35] using CAX2 as the template DNA and the Class IIS
restriction enzyme BsmBI. Mutants CAX2-9, CAX2-A, CAX2-B,
CAX2-C, CAX2-D and CAX2-E were constructed previously [32,33].
For the construction of CAX2 His to Ala substitution mutants, the
primers used were as follows: the forward primer for CAX2-H222A,
5 0-GAA TTC CGT CTC TAC ACC GCT AGC GAG GTT CAT
GCT GGA TCC TCA GAG CTA GCC CTG TC-3 0; the forward pri-
mer for CAX2-H226A, 5 0-GAA TTC CGT CTC TAC ACC CAT
AGC GAG GTT GCT GCT GGA TCC TCA GAG CTA GCC
CTG TC-3 0; and the forward primer for CAX2-H222A/H226A, 5 0-
GAA TTC CGT CTC TAC ACC GCT AGC GAG GTT GCT
GCT GGA TCC TCA GAG CTA GCC CTG TC-3 0. The reverse pri-
mer 5 0-GAA TTC CGT CTC GGT GTA GTG AAG AAC AGC
CGG GAA GAG TAT C-3 0 was used for all three reactions. For
the construction of CAX2 His-222 to Asp or Lys substitution mutants,
the primers used were as follows: the forward primer 5 0-GAA TTC
CGT CTC CAG CGA GGT TCA TGC TGG ATC ATC AG-30,
which was used for both reactions; the reverse primer for CAX2-
H222D, 5 0-GAA TTC CGT CTC CC GCT GTC GGT GTA GTG
AAG AAC AGC CGG GAA GAG-3 0; and the reverse primer for
CAX2-H222K, 5 0-GAA TTC CGT CTC CC GCT CTT GGT GTA
GTG AAG AAC AGC CGGGAAGAG-3 0. Bold letters in the primer
sequences indicate introduced mutations and underlined letters indi-
cate the BsmBI site. All constructs were completely sequenced before
sub-cloning into the expression vector p2HGpd for transformation
in yeast.2.3. Construction and expression analysis of c-Myc-epitope tagged
CAX2 fusions
CAX2 C-terminal c-Myc epitope fusions were constructed in a pre-
vious study [33]. A CAX2-c-Myc 3 0 fragment containing the c-Myc epi-
tope coding sequence was used to generate in-frame C-terminal c-Myc
fusions for each of the CAX2 His-222 and His-226 substitution mu-
tants. Total protein was isolated from yeast expressing wild-type and
mutant CAX2 c-Myc-tagged constructs using the glass bead method
[36]. Equal concentrations of protein was separated by SDS–PAGE
and detected by anti-c-Myc monoclonal antibody (Sigma) as described
[33].2.4. Preparation of vacuolar membrane vesicles
Yeast vacuolar membrane vesicles were prepared as described previ-
ously [37]. In some experiments, vesicles were pre-loaded with K+
(150 mM KCl). Vesicles from the sucrose gradient were recovered then
diluted in 30 ml of K+ loading buﬀer containing 5 mM Tris–Mes (pH
7.5), 0.3 M sorbitol, 150 mM KCl, 1 mM dithiothreitol and 1 mM
PMSF, and incubated on ice for 1 h before centrifugation at
150000 · g for 45 min at 4 C. The pellet was resuspended in the same
buﬀer and the vesicles were either used immediately or stored in liquid
N2 until use. To vary the internal vesicular pH, vesicles were pre-
loaded with K+ loading buﬀers of various pH. The orientation of the
membrane vesicles was determined by measuring vacuolar H+-ATPase
(V-ATPase) activity, essentially as described [38], in the presence and
absence of 0.01% Triton X-100. In the presence of Triton X-100, V-
ATPase activity increased by 4–6%, indicating that virtually all of
the membrane vesicle population was in the right-side-out orientation
(data not shown).2.5. Ca2+ transport assays
For the measurement of 45Ca2+ uptake in the presence of various
external pH, membrane vesicles (30–40 lg/ml) that were pre-loaded
with a buﬀer of pH 7.5 were incubated in uptake buﬀer containing
0.3 M sorbitol, 25 mM KCl, 0.1 mM sodium azide, 0.5 mM sodium
orthovanadate and 5 mM Tris–Mes adjusted to the required pH.
For the measurement of 45Ca2+ uptake in the presence of internal
pH at various values, membrane vesicles that were pre-loaded with
buﬀers of various pH were incubated in uptake buﬀer adjusted to
pH 7.5. An acid inside DpH was generated in the vesicles either
by energising the yeast endogenous vacuolar H+-translocating
ATPase (V-ATPase) or by the addition of the K+ ionophore nigeri-
cin to K+-pre-loaded vesicles [27,39]. For the Mg2+ATP-dependent
Fig. 1. Regulation of CAX1 and CAX2 Ca2+/H+ antiport activity by
external (cytosolic) pH. Uptake of 10 lM 45CaCl2 at 10 min time
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also contained 25 mM KCl then V-ATPase-catalysed H+ transloca-
tion was initiated by the addition of 1 mM MgSO4 and 1 mM
ATP. The vesicles were allowed to reach steady state with respect
to pH gradient for 5 min at 25 C before the addition of 45Ca2+
(from 6 mCi/ml stock). The ﬁnal concentration of Ca2+ (as CaCl2)
in the reaction mixture was 10 lM. For the artiﬁcial (K+/nigericin-
dependent) generation of DpH [39], vesicles pre-loaded with K+ were
incubated in a K+-free uptake buﬀer and 5 lM nigericin and 45Ca2+
was added and the sample was incubated on ice to reduce H+ per-
meability in these artiﬁcially energised vesicles. In some experiments,
20 lM of the protonophore carbonyl cyanide p-triﬂuoromethoxy-
phenylhydrazone (FCCP) was added to the uptake buﬀer to dissi-
pate the DpH. At the times indicated, aliquots (70 ll) of the reaction
mix were removed and ﬁltered through premoistened 0.45 lm pore-
size cellulose acetate GS type ﬁlters (Millipore). After a 1 ml wash
with ice-cold wash buﬀer (0.3 M sorbitol, 5 mM Tris–Mes (pH
7.5), 25 mM KCl and 0.1 mM CaCl2), the ﬁlters were air-dried
and radioactivity was determined by liquid scintillation counting.points into K+-loaded pH 7.5 inside vacuolar membrane vesicles
isolated from yeast expressing either CAX1 or CAX2. Vesicles were
incubated in 45CaCl2 reaction buﬀers of various pH as indicated. Ca
2+/
H+ antiport was energised by the addition of 5 lM K+ ionophore
nigericin. Results are shown following subtraction of the protonophore
FCCP background values and expressed as a percentage of the
maximal activity for CAX1 and CAX2. Results of the whole external
pH range tested are shown. The data represent means ± S.E. of three
to six replicates from four individual membrane preparations.3. Results
3.1. Ca2+/H+ antiport activities by CAX1 and CAX2 have
speciﬁc external (cytosolic) pH proﬁles
To determine whether the activity of individual Ca2+/H+
antiporter isoforms is regulated by pH, direct Ca2+ uptake
into vacuolar-enriched membrane vesicles isolated from yeast
expressing either CAX1 or CAX2 was measured using the di-
rect vesicle ﬁltration assay in the presence of various external
pH conditions. Both CAX1 and CAX2 cDNAs used in this
study encode N-terminal truncated antiporters, as the N-ter-
mini of CAX1 and CAX2 appear to autoinhibit Ca2+ trans-
port and only the N-terminal truncated antiporters are able
to mediate Ca2+/H+ antiport activity when expressed in yeast
[13,33,40]. The cDNAs encoding either vacuolar Ca2+/H+
antiporter were expressed in the S. cerevisiae yeast strain
K667, which lacks the endogenous vacuolar Ca2+/H+ antipor-
ter Vcx1. The vesicles were predominantly right-side out
(data not shown) therefore the external pH can be thought
of as predominantly cytosolic pH in relation to the proteins
in the vacuolar membrane vesicles, with the internal vesicular
space equivalent to the vacuolar lumen. K+-loaded membrane
vesicles, with an internal pH 7.5, were incubated in buﬀers of
varying pH ranging from pH 5 to pH 9.5 containing 10 lM
45CaCl2. Ca
2+/H+ antiport was artiﬁcially energised by the
addition of the K+ ionophore nigericin, so that the system
was V-ATPase independent and therefore any potential ef-
fects of pH changes on H+-ATPase activity rather than anti-
port activity could be discounted. All experiments were
performed in the presence of the Ca2+-ATPase inhibitor van-
adate. Both CAX1 and CAX2 displayed a clear distinct opti-
mum external pH for maximal Ca2+/H+ antiport activity
(Fig. 1), indicating that antiport activity by both transporters
is pH regulated. Moreover, each transporter varied in their
pH optimum and in their overall pH proﬁle as maximal
activity for CAX2 was at a lower pH than the maximal activ-
ity for CAX1 (Fig. 1). Similar experiments were also per-
formed in which Ca2+/H+ antiport was energised by the
activation of the endogenous V-ATPase by the addition of
Mg2+-ATP to the 45CaCl2-containing external pH buﬀers.
Identical pH proﬁles for Ca2+/H+ antiport activity of
CAX1 and CAX2 were observed for Mg2+-ATP-energised
transport compared to K+ ionophore energised transport
(data not shown).3.2. Altered pH-dependent Ca2+/H+ antiport activity by a CAX2
mutant
We have previously performed mutagenesis of the Arabidop-
sis CAX transporters to identify structural domains involved
in metal speciﬁcity. The transporters CAX1, CAX2, CAX3
and CAX4, share signiﬁcant sequence similarity with many re-
gions of amino acid sequence conserved between all four pro-
teins, and all have equivalent predicted topology structure [33].
Such sequence conservation allows the creation of chimeric
CAX constructs that are more likely to have unaﬀected protein
expression and retain wild-type topology. By analysing such
CAX chimeric constructs in which parts of CAX1 and
CAX3 were exchanged, a 9-amino acid region between puta-
tive transmembrane domains (TMD) 1 and 2 of CAX1 was
identiﬁed as a sequence motif required for mediating Ca2+
transport by this antiporter [32]. Using a similar approach,
analysis of CAX1/CAX2 chimeric constructs identiﬁed a single
amino acid region as a determinant of Mn2+ transport
for CAX2 [33]. From this previous study, a series of six
CAX1/CAX2 chimeric mutants were created in which parts of
CAX2 were replaced with the equivalent regions of CAX1.
This collection of mutants comprised of CAX2-9, in which
the 9-amino acid domain of CAX1 was swapped into the
equivalent region of CAX2, and mutants CAX2-A, CAX2-B,
CAX2-C, CAX2-D and CAX2-E, in which short (9–15 amino
acid) regions of CAX1, some hydrophobic and some hydro-
philic, chosen based on low sequence similarity between
CAX1 and CAX2, were swapped into the equivalent positions
of CAX2 (Fig. 2A [33]). Speciﬁcally, for CAX2-A, the amino
acids 65–73 of CAX1 (NLQEVILGT) replaced SIKIVIFCN
of CAX2; for CAX2-B, the amino acids 150–160 of CAX1
(TNNKVAVVKYS) replaced KNGMIRVVQLT of CAX2;
for CAX2-C, the amino acids 175–184 of CAX1 (TSLFCG-
GIAN) replaced CAFFCGGLVF of CAX2; for CAX2-D,
the amino acids 219–233 of CAX1 (LKNGEASAAVLSDMQ)
replaced THSEVHAGSSE of CAX2; for CAX2-E, the
amino acids 257–265 of CAX1 (WTHRQLFDA) replaced
Fig. 2. Analysis of pH-sensitive Ca2+/H+ antiport by CAX2 mutants.
(A) Diagrammatic representation of the topology of CAX1 and CAX2
showing the 11 predicted transmembrane spanning domains (grey
boxes) and the cytosolic and luminal loop regions (grey lines). The
topology is based on hydropathy analysis the CAX1 and CAX2 ORF
[10]. The positions of amino acid domain swaps in CAX2 chimeric
mutants, CAX2-9 [32] and CAX2-A, -B, -C, -D and -E [33] are
indicated by black boxes. (B,C) Ca2+/H+ antiport activity of CAX1,
CAX2 and CAX2 mutants in the presence of varying external pH
conditions. Uptake was performed and results are shown as described
in the legend for Fig. 1. The data represent means ± S.E. of three to
four replicates from two to four individual membrane preparations.
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of CAX1 (ICTYCGVSQ) replaced LVHYMIDSK of CAX2.
All of the six CAX2 mutants had unaltered protein expression
levels compared to wild-type CAX2 [33].
The speciﬁc pH-dependent activity proﬁles for CAX1 and
CAX2 (Fig. 1) suggest that sequence variation between these
CAX transporters allow for the diﬀerences in activity observed
and provide a suitable functional assay to identify the molecu-
lar determinants of pH regulation for CAX1 or CAX2. The
various CAX chimeric constructs (Fig. 2A) were screened fol-
lowing expression in yeast for diﬀerences in their external pH-
dependent 45Ca2+ transport activity compared to the wild type
CAX1 or CAX2 pH proﬁles. Most of the mutants tested
showed no signiﬁcant diﬀerence in their pH proﬁle comparedto the wild-type transporter. For example, CAX2 mutants
CAX2-9, CAX2-A, CAX2-B, CAX2-C and CAX2-E were all
unchanged with respect to pH-dependent Ca2+/H+ antiport
activity compared to wild-type CAX2 (Fig. 2C; data not
shown). However, one of the mutants, CAX2-D, had a signif-
icantly altered external pH antiport activity proﬁle compared
to CAX2 that was almost identical to the pH proﬁle of
CAX1 (Fig. 2B).3.3. Mutagenesis of histidine residues in the CAX2 D domain
The CAX2 D domain (amino acids 221–231 of CAX2), a
putative hydrophilic region between predicted TMD 5 and 6,
shares no identical amino acids with the equivalent region of
CAX1 (Fig. 3A). The D domain of CAX2 contains two His
residues (His-222 and His-226) whereas there are none in
CAX1 in this region. Due to their capacity to form intra-
and inter-molecular hydrogen bonds within the physiological
pH range, His residues are ideal candidates for amino acids
that have a role in H+ binding and pH sensing, and have
been found to be important in a number of transporters
[23]. To determine whether the His residues within this re-
gion of CAX2 were responsible for the alteration in the
pH proﬁle these residues were mutated. Three CAX2 mu-
tants were created in which the His residues were substituted
with the non-polar residue Ala: CAX2-H222A, CAX2-
H226A and the double substitution mutant CAX2-H222A/
H226A, thereby substituting a residue with a potentially po-
sitive charge to that with no charge. Mutants CAX2-H222A,
-H226A and -H222A/H226A were expressed in yeast strain
K667 that is hypersensitive to Ca2+ and Mn2+ [33] and the
strains were grown on Ca2+ and Mn2+-containing media.
Expression of CAX2-H226A suppressed the Ca2+- and
Mn2+-sensitive phenotype of K667, although growth was
slightly weaker compared to that of the wild-type CAX2
expressing strain (Fig. 3B). However, K667 expressing either
CAX2-H222A or the mutant with both His residues substi-
tutions, CAX2-H222A/H226A, were unable to grow on
Ca2+ or Mn2+ containing media. This was due to a general
inactivation of transport activity of CAX2, rather than a dis-
ruption of CAX2 transcript expression, as each of the mut-
agenised CAX2 constructs was expressed in the yeast and
to equivalent levels to the wild-type as determined by RT-
PCR using CAX2-speciﬁc primers (data not shown). Fur-
thermore, protein expression levels of c-Myc epitope-tagged
CAX2 and CAX2 mutant contructs were equivalent (Fig.
3D). Ca2+/H+ antiport activity could not be measured for
CAX2-H222A and CAX2-H222A/H226A (data not shown),
conﬁrming that the lack of yeast growth was due to a lack
of transport activity. The loss of transport activity of
CAX2-H222A suggests an important role of His-222 in cat-
ion/H+ exchange. To investigate this residue further, two
additional substitution mutations were generated with polar
residues: CAX2-H222D and CAX2-H222K, to examine the
eﬀect of an acidic, negatively charged Asp residue and a ba-
sic, positively charged Lys residue in this position. The resi-
due in the position equivalent to His-222 in CAX1 is Lys
(Fig. 3A). Expression of CAX2-H222K suppressed both
the Ca2+- and Mn2+-sensitive phenotypes of K667 as good
as wild-type CAX2, while CAX2-H222D-expressing yeast
could not grow on Ca2+- or Mn2+-containing media
(Fig. 3C). Protein expression levels of CAX2-H222D and
Fig. 3. Mutation of His-222 and His-226 of CAX2. (A) Amino acid sequence alignment of the D domain of CAX2 and the surrounding TMD with
the equivalent region of CAX1. The region shown is derived from an alignment of full-length CAX1 and CAX2 amino acid sequence performed using
ClustalW. The hyphens indicate gaps introduced to maximise the alignment and the dots indicate the continuation of sequence either side of TMD 5
and TMD 6. Conserved amino acid residues are shaded in black. The underlined His residues indicate the His to Ala, Asp and Lys substitutions that
were created in CAX2. Numbers refer to the CAX2 amino acid position.Suppression of the Ca2+ and Mn2+ hypersensitivity of the vcx1 pmc1 cnb1
(K667) yeast mutant by CAX2 compared to CAX2-H222A, CAX2-H226A and CAX2-H222A/H226A (B), and compared to CAX2-H222A, CAX2-
H222D and CAX2-H222K (C). Saturated liquid cultures of K667 containing the various plasmids were diluted to the cell densities as indicated and
then spotted onto plasmid selection medium (SC -His) and YPD medium containing 200 mM CaCl2 or 5 mM MnCl2. The strains were grown at
30 C and photographed after 3 day growth. Representative experiments are shown. (D) Expression levels of various CAX2-c-Myc constructs
demonstrating the equivalent expression of each CAX2 variant. Equal amounts of total protein isolated from yeast expressing either empty vector
control, wild-type CAX2-c-Myc or mutant CAX2-c-Myc constructs were separated by SDS–PAGE, blotted, and subjected to Western blot analysis
using an anti-c-Myc monoclonal antibody.
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CAX2-c-Myc (Fig. 3D). CAX2-H226A retained Ca2+/H+
antiport activity but this was reduced compared to wild type,
as expected from the slight reduction in yeast growth on
Ca2+ media, while activity of CAX2-H222K was equal to
wild-type activity (Fig. 4A). No direct Ca2+ transport activ-
ity could be detected for CAX2-H222D (data not shown).
The Ca2+ transport activity cytosolic pH proﬁle was com-
pared between CAX1, CAX2, CAX2-H222K and CAX2-
H226A. No signiﬁcant diﬀerence could be seen between
CAX2 and CAX2-H226A (Fig. 4B). A signiﬁcant diﬀerence
was observed when comparing the cytosolic pH proﬁle be-
tween CAX1, CAX2 and CAX2-H222K (Fig. 4C). CAX2-
H222K Ca2+/H+ antiport activity was slightly increased at
alkaline pH compared to wild-type CAX2, making it subtly
more similar to that of CAX1.3.4. Eﬀects of internal pH on CAX1 and CAX2 Ca2+/H+
antiport activities
It was also investigated whether alterations to internal (lumi-
nal) vesicular pH aﬀected Ca2+/H+ antiport activity. Mem-
brane vesicles expressing either CAX1 or CAX2 were
pre-loaded with K+ buﬀer at various pH then incubated in a
45CaCl2 uptake reaction buﬀer at pH 7.5, and Ca
2+/H+ anti-
port activity was measured following addition of nigericin.
For the internal pH range examined, CAX1 and CAX2 had
an equivalent activity proﬁle of identical trend as both trans-
porters exhibited maximal activity at the more acidic internal
pH value (Fig. 5A). Comparisons of internal pH proﬁles be-
tween the CAX2 mutants and wild-type also found no diﬀer-
ences in activity, including between CAX2, CAX2-A and
CAX2-D (Fig. 5B), indicating that the eﬀect of the CAX2 D
domain was restricted to external (cytosolic) pH.
Fig. 4. Ca2+/H+ antiport activity of CAX2-H226A and CAX2-
H222K. (A) A 10 min time point measurement of Ca2+/H+ antiport
into vacuolar membrane vesicles extracted from yeast expressing
CAX2, CAX2-H222K or CAX2-H226A. Membrane vesicles (inside
pH 7.5) were incubated in a 10 lM 45CaCl2 reaction buﬀer at pH 7.5
and uptake was energised by the addition of 1 mMMg2+-ATP. Results
are shown following subtraction of the protonophore FCCP back-
ground values. (B) Ca2+/H+ antiport activity of CAX2 and CAX2-
H226A in the presence of varying external pH conditions. (C) Ca2+/H+
antiport activity of CAX1, CAX2 and CAX2-H222K in the presence
of varying external pH conditions. Uptake shown in (B) and (C) was
performed and results are shown as described in the legend for Fig. 1.
The data in (A)–(C) represent means ± S.E. of three replicates from
two individual membrane preparations.
Fig. 5. Eﬀect of internal (luminal) pH on Ca2+/H+ antiport activity of
CAX1, CAX2 and CAX2-D. Uptake of 10 lM 45CaCl2 at 10 min time
points into K+-loaded vacuolar membrane vesicles isolated from yeast
expressing either CAX1 and CAX2 (A) or CAX2 and various CAX2
mutants (B). Membrane vesicles preloaded with buﬀers at various pH
(internal pH) as indicated were incubated in 45CaCl2reaction buﬀers at
pH 7.5. Ca2+/H+ antiport was energised by the addition of 5 lM K+
ionophore nigericin. Results are shown following subtraction of the
protonophore FCCP background values and expressed as a percentage
of the maximal activity for each CAX transporter. The data represent
means ± S.E. of two to four replicates from three individual membrane
preparations.
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Structure–function studies are a powerful means to resolve
the functions of individual amino acid residues and discrete
amino acid motifs, and to gain insights into the molecular
mechanisms of the proteins of interest. Such structure–func-
tion analysis of members of the Arabidopsis vacuolar cat-
ion/H+ antiporters has allowed us to identify speciﬁc amino
acids of CAX1, CAX2 and CAX3 involved in cation speciﬁc-
ity and post-translational regulation [32,33,40]. Similar stud-ies have also begun to unravel the roles of speciﬁc amino
acids in other plant cation/H+ antiporters [34,41]; however,
the molecular mechanisms of H+ sensing, binding and
transport by plant cation/H+ antiporters have not been
investigated.
There is evidence from whole plant physiological studies
to indicate that plant vacuolar Ca2+/H+ antiporters are reg-
ulated by pH [27,28], and a wealth of evidence that demon-
strates the mechanisms of pH sensing and regulation by
bacterial Na+/H+ antiporters [23,29]. Here we have analysed
for the ﬁrst time the eﬀect of pH on Ca2+/H+ antiport by
individual plant antiporter isoforms, CAX1 and CAX2,
and have shown that both transporters are regulated by
pH, and have distinct pH-dependent proﬁles (Fig. 1). The
potential for H+ leakage with membrane vesicle experiments
precludes us from assigning exact pH values that would
equate to precise physiological pH values for Ca2+/H+ anti-
port activity. The experiments described in this study were
therefore not designed to assign speciﬁc pH values for max-
imal CAX1 and CAX2 activity but to compare activity be-
tween the two antiporters. The vacuolar membrane vesicles
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determined by membrane orientation analysis (data not
shown), therefore the external face of the vesicle corresponds
mainly to the cytosolic side of the membrane and the inside
of the vesicle is mainly equivalent to the vacuolar lumen.
These results suggest therefore, that Ca2+/H+ antiport by
both CAX1 and CAX2 are sensitive to and regulated by
cytosolic pH. The physiological role of cytosolic pH sensing
by vacuolar Ca2+/H+ antiporters is unclear. Cytosolic pH of
most plant cells is slightly alkaline at pH 7–8, and is kept
regulated by H+ pumps. The maximal activity of both
CAX1 and CAX2 was at a fairly small range of cytosolic
pH, therefore any slight alteration in pH will have the po-
tential to reduce vacuolar Ca2+ loading signiﬁcantly and
thus dramatically alter the cytosolic Ca2+ levels. This result
therefore provides further evidence for an interaction be-
tween pH and cytosolic Ca2+ levels, and implies tightly
linked Ca2+ and pH signalling. Like the vacuolar Na+/H+
antiporters from some ﬂowering plants [26], the plant vacu-
olar Ca2+/H+ antiporters may also be important for regulat-
ing vacuolar pH. While this was not examined in the present
study, future work such as analysis of CAX gene knockouts
may provide evidence for this. Alternatively, it is possible
that pH regulation rather than Ca2+ transport is the main
function of Ca2+/H+ antiporters; thus it must be considered
that these two functions may not be interrelated but are in
fact distinct.
The observation of a speciﬁc pH proﬁle for CAX1 com-
pared to CAX2 provided an ideal screen for identifying po-
tential molecular determinants of pH regulation. Analysis of
various CAX1/CAX2 chimeric constructs identiﬁed one po-
tential region of interest. By swapping the 11-amino acids
in the hydrophilic D domain between TMD 5 and 6 of
CAX2 with residues in the equivalent region of CAX1
(Fig. 2A), the pH proﬁle of CAX2 Ca2+/H+ antiport activity
was signiﬁcantly altered so that it was identical to that of
CAX1 (Fig. 2B). This suggests that amino acids in this re-
gion may have a role in the mechanisms of pH regulation
of CAX2. Because His residues have been demonstrated to
be involved in pH regulation and sensing of Na+/H+ anti-
porters including E. coli NhaA and Schizosaccharomyces
pombe Sod2 [30,42], the two His residues present within
the CAX2 D domain were obvious targets for analysis. Fol-
lowing mutation of either or both residues to Ala, we found
that CAX2-H222A and CAX2-H222A/H226A had a com-
plete loss of transport, while CAX2-H226A had a slight
decrease in transport activity but was still functional and
had a largely wild-type pH proﬁle. Substitution of His-222
with Asp also inactivated CAX2 antiport activity, although
it was interesting to ﬁnd that substitution with Lys, an ami-
no acid residue that is found in the equivalent position to
His-222 in CAX1 (Fig. 3A), did not abolish antiport activ-
ity, but shifted it slightly toward alkaline pH. These results
demonstrate that His-222 is a critical residue in the trans-
port mechanism of CAX2. In E. coli NhaA, mutation of
the periplasmic loop residue His-225 to Arg shifted the pH
proﬁle of maximal activity toward acidic pH, whereas
H225D shifted maximal activity toward alkaline pH and
H225A inactivated the antiporter [30,31]. Similarly, His-367
of S. pombe Sod2, a residue on a cytosolic loop, was the
only His residue of this antiporter to be essential for activ-
ity, as substitution to Ala, Asp or Arg signiﬁcantly reducedactivity by equivalent levels [42,43]. All of these studies high-
light the importance of His residues in antiport function.
His-222 of CAX2 is clearly required for antiport activity
as substitution of this residue either completely abolishes
activity or slightly alters the pH proﬁle. While replacement
of the 11 residues in the D region of CAX2 with the equiv-
alent residues of CAX1 conferred a CAX1-like cytosolic pH
proﬁle to CAX2, the substitution of the single His-222 resi-
due with the Lys residue found in the equivalent position of
CAX1 did not confer an exact CAX1-like pH proﬁle to
CAX2. It is possible that additional residues surrounding
His-222 are important in the putative pH sensing or regula-
tory role of this His residue, which may explain why there
was only a subtle shift in CAX2-H222K pH proﬁle rather
than an exact CAX1-like proﬁle. However, these results do
allow us to suggest that this residue may have a role in
H+ sensing or binding. Although CAX2-D had a CAX1-like
pH proﬁle, it retained CAX2-like cation transport activity,
as it was able to transport both Ca2+ and Mn2+ unlike
the Ca2+-speciﬁc CAX1 [33]. Similarly, CAX2-H222K re-
tained Ca2+ and Mn2+ transport activity (Fig. 3C), indicat-
ing that these amino acid changes speciﬁcally aﬀect pH
sensing rather than cation transport. Structure–function
analysis of rice OsCAX1a identiﬁed two domains designated
c-1 and c-2, which are conserved throughout plant CAX
genes including CAX2, and which are proposed to form a
gating mechanism or ﬁlter of a cation pore [34]. The c-1 re-
gion encompasses parts of TMD 3 and 4 and the hydro-
philic loop between these TMD, while the c-2 region is
located between TMD 8 and 9; thus the D domain between
TMD 5 and 6, including the His-222 residue, is not part of
this putative cation pore. Further studies are therefore re-
quired to determine in greater detail the role of His-222 as
well as other polar residues of CAX2. His-222 is not com-
pletely conserved among other CAX genes. CAX1 does
not contain any His residues within the loop region between
TMD 5 and 6 (equivalent to the region containing the D
domain of CAX2), although other CAX genes including
yeast VCX1, rice OsCAX1a and maize ZmHCX1 have at
least one His in this region.
An important step in attempting to elucidate the role of
His-222 and the D domain will be to establish a more accu-
rate model for the topology of CAX2. The current 11-TMD
model of CAX1 and CAX2 topology (Fig. 2A) is based so-
lely on hydropathy analysis [10] and no experimental data.
The observation that the D domain of CAX2, a region
currently predicted to be present on the luminal side of
the antiporter, aﬀects the cytosolic pH proﬁle maybe confus-
ing. It is therefore possible that our present assignment of
this region as luminal is incorrect. Alternatively, the D do-
main may interact indirectly with a pH sensor region on
the cytosolic face of the antiporter. The His-225 residue of
NhaA, initially proposed to be a pH sensor, was originally
suggested to be localised at a cytosolic region, but was
found to be exposed to the cell exterior [44], similarly sug-
gesting an indirect role in pH sensing. Until we gain a pro-
ven topology model of the Arabidopsis CAX transporters, it
will be hard to completely understand the role of the D do-
main, as well as other residues and domains identiﬁed in
previous CAX mutagenesis studies, in relation to CAX func-
tion. In summary, this study has provided the ﬁrst evidence
of pH regulation of individual plant Ca2+/H+ antiporter
J.K. Pittman et al. / FEBS Letters 579 (2005) 2648–2656 2655isoforms and demonstrates that variation in pH proﬁle does
occur between isoforms. We therefore suggest that vacuolar
Ca2+/H+ antiporters are clear candidates as one of the pri-
mary components responsible for transducing cytosolic
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